Abstraet--Smectites exchanged to various degrees with mono-or biprotonated 1,4-diazobicyclo(2,2,2)-octane (Dabco) have a porous structure in which the organic molecule acts as a "pillar." Less Dabco z+ than Dabco '+ was necessary both to initiate and to complete expansion, whereas for both Dabco 1+ and Dabco 2+ the threshold for expansion increased with the charge density of the clay. Interstratification of 9.7-/~ and 14.5-/~ (Dabco 1+) or 14. l-/~ (Dabco 2+) layers was observed before full expansion occurred.
INTRODUCTION
Permanent intracrystalline porosity can be obtained in layer silicates by exchange with organic cations such as (CH3)4N +, (C2Hs)4N + (Barrer and McLeod, 1955; Barrer and Brummer, 1963; McBride and Mortland, 1975) or l-4-diazobicyclo(2,2,2)-octane (Dabco) (Mortland and Berkheiser, 1976; Shabtai et al., 1977) , or cationic complexes such as trisethylenediaminecobalt(III) (Barrer and Jones, 1971; Knudson and McAtee, 1973) . The available interlamellar space can be modulated (1) by varying the size and the charge of the "pillars" that control the lateral cation-cation distance as well as the free interlayer distance; (2) by varying the charge density of the clay mineral; and (3) by partial exchange of the inorganic cations.
Partially exchanged clay minerals tend to segregate into random interstratified layers and to have specific surface areas intermediate between the two fully exchanged end members. For Cu2+-(CH3)4N + on Wyoming bentonite, McBride and Mortland (1975) observed a segregation into Cu2+-rich and (CHa)4N+-rich interlayers. However, incomplete segregation was evidenced by specific surface areas which exceeded the "theoretical value" corresponding to random interstratification of Cu 2+-and (CH3)4N+-exchanged layers. Mortland and Berkheiser (1976) studied three Dabcoclays. When Dabco 2+ was the saturating cation on the exchange complexes, DabcoZ+-smectite provoked a 1 Present address: Janssen Pharmaceutica, 2340 Beerse, Belgium.
2 To whom correspondence should be addressed.
hydrolysis of acetonitrile whereas Dabco2+-vermiculite did not. The proton lability of a Cu-smectite treated with molecular Dabco was studied with DzO and CGD 6. Shabtai et al. (1977) showed that Dabco 2+-montmorillonite has a high catalytic activity for esterification of carboxylic acids. This clay has pronounced molecular sieve properties as expressed in a sharp drop in esterification rate with increase in the critical dimension of the alcoholic reactant. The present paper deals with the structural characteristics of mixed Dabco ~+-and Dabco2+-inorganic cation (mostly Na +) systems on a series of smectites with different charge density to gain more information on the nature of the segregation and its relation to specific surface area. From these results suitable samples were selected for the study of the sorption behavior of normal olefins (see Stul et al., 1982) .
EXPERIMENTAL

Sample preparation
The <0.5-p~m size fraction of montmorillonites from Otay (OT) (API No. 24), 3 Moosburg (MO) (G.F.R.), Wyoming bentonite (WB) (Volclay, American Colloid Company, U.S.A.), and of hectorite (HE) (API No. 34) a was obtained by centrifuging their respective Na-exchanged forms. The clays were then washed consecutively with acidified (pH = 4) and neutral 1 M NaCI solutions. Na cation-exchange capacities at pH 6 are given in Table 1 . Na-smectites loaded to various degrees with Dabco 1+ and Dabco 2+ were prepared from salt-free clay suspensions, using Dabco solutions at pH 6 and pH 2 (K~ = 108-~9; K2 = 10418, Sillbn and Martell, 1964) as follows:
(1) Partially exchanged Dabco~ § were obtained by overnight exchange with appropriate amounts of 5 z 10 -4 M Dabco ~+ at pH 6. The clays were then washed twice with distilled water and freeze-dried.
(2) Partially exchanged Dabco2+-clays were obtained using 2.5 • 10 -4 M solutions at pH 2. Exchange times of 15 min were used to minimize acid breakdown. The exchange step was followed by three quick water washes (once at pH 2 and twice at pH 6) and freeze-drying. (3) Homoionic Dabco~+-clays were obtained by repeated exchange with 0.01 M Dabco solutions (pH 6), followed by four water washes and freeze-drying. (4) Homoionic Dabco2+-clays were prepared by a single exchange step using 0.01 N Dabco z § solution (pH 2) in an amount equal to three times the clay exchange capacity. This treatment is identical to the one for the partially exchanged Dabco 2+ samples.
Different adsorbents in which Na § was replaced by T1 +, Ag +, Cu 2+, Zn 2+, Ca 2+, or Ni 2+ prior to the adsorption of Dabco 1+ or Dabco 2 § were prepared in a similar fashion. All freeze-dried samples were ground to pass a 0. l mm sieve. The chemical composition of the various Dabco-exchanged smectites was calculated from micro-Kjeldahl analyses and the weight loss upon calcination at 800~ and expressed per gram of cation-free silicate framework (g.s.f.) such as (Si,AIh(A6 xRx) O~0(OH)2 and Si4(Mg3-xRx)O~0(OH)~. In some products the amount of Na (or Cu) was analyzed by conventional atomic absorption techniques (Varian Techtron AA6).
X-ray powder diffraction analysis
Basal X-ray powder diffraction (XRD) spacings were measured on samples outgassed in vacuum (1.36 • 10 -6 kgf/m 2) during 24 hr at 120~ while contained in glass capillaries. The capillaries were sealed and transferred to the Debye-Scherrer camera for irradiation.
The apparent c and a,b dimensions of the clay particles were determined from line broadening of the (001) and (33,06) reflections of air-dry random powder samples and were calculated from the Scherrer equation t = 0.9MB cos 0B (Cullity, 1966) , where h (in ~,) is the wavelength of the radiation used. The parameter t (,~) gives the apparent particle dimension in a direction perpendicular to the crystallographic planes causing the reflection at 0B (rad) with a line broadening of B (rad). A modified version (Mortier, 1980) was used to fit the experimental CHKal diffraction band profile. The variation in the experimental line broadening was calibrated with a muscovite reference and a silicon standard. All XRD measurements were recorded on an automated Seifert-Scintag diffractometer (PAD II). 
Volumetric adsorption
Nitrogen (99.8%, L'Air Liquide) and n-butane (99.9%, Matheson) adsorption isotherms were measured at 77 ~ and 273.16~ respectively, using a volumetric, static adsorption apparatus. The samples (0.2 g) were dehydrated by evacuation during 24 hr at 393~ and 1.36 • 10 -6 kgf/m 2 vacuum prior to adsorption.
RESULTS
Sample composition
Typical data, representative of all four clay minerals studied are presented for sample MO in Figure 1 . Dabco was quantitatively adsorbed as Dabco 1+ at pH 6 and as Dabco 2 § at pH 2. The maximum level of adsorption (mmoles) at pH 2 is half the amount adsorbed at pH 6, proving the presence of Dabco 2+ and Dabco ~+, respectively. In a few products the amount of Na (or Cu) was determined (Table 1 ) and confirms the conclusion that the sum of Dabco I+ and Na § (or Cu 2+) corresponds to the cation-exchange capacity. The data in Table 1 also indicate that in partially exchanged Dabco2+-smectites, almost all of the Na was exchanged for H § as a result of the low pH values used in the preparation. Thus, HDabco 2+ is used here to designate partially exchanged Dabco2+-smectites.
Trioctahedral clay minerals are particularly sensitive to acid breakdown (Robert and Veneau, 1979 ). An indication of the possible structural breakdown in the H-Dabco 2+ samples was obtained by treating Na-HE and Na-MO for 15 min with solutions of pH 2 in the All data are expressed on a gram cation-free silicate framework basis.
presence and absence of Dabco. In the absence of Dabco very intense reflections were noted at 2.84, 2.0, 1.64, 1.42, and 1.16 A for Na-HE only, indicative of structural changes. These reflections, however, were not detected even when small amounts of Dabco 2+ (10% of CEC) were adsorbed. Structure damage is therefore believed to be minimal. The transition from the dry, collapsed (d(001) = 9.7 A) Na-smectites to the fully exchanged Dabco clays depends on the charge density of the clay mineral and on the degree of protonation of the amine. Between the collapsed and fully expanded Dabco clays a range of Table 2 . Unit layers and apparent particle dimensions in the c-and a,b-directions of Dabco-smectites derived from the X-ray line broadening. intermediate spacings was observed which is characteristic of a random interstratification of Na-rich and DabcoZ+-rich interlayers. In both the Na-Dabco 1+-and H-Dabco2+-clays the amount of Dabco necessary to make the transition from 9.7 to 14.1 A (Dabco 2+) or 14.5 ,~ (Dabco I+) increased with decreasing charge density of the clay. At low charge density (sample HE), the range of intermediate spacings extended over 0.6 mmole, whereas at high charge density (sample OT) about 0.1 mmole was sufficient to obtain complete expansion.
Interlayer distances
In all four smectites fewer moles of Dabco 2+ as compared to Dabco ~+ were necessary to initiate and to complete expansion. The amount of Dabco necessary to start interlayer expansion was smaller (<0.1 mmole) for all Na-Dabco2+-clays and decreased with decreasing charge density from 0.4 mmole (sample OT) to 0.1 mmole (sample HE) for Na-Dabcol+-clays. A considerable fraction of the Dabco 1+ cations which were adsorbed before expansion started (see samples OT and MO) should be located at external surfaces because the d(001) remained constant at 9.7,~. Full expansion was reached before complete exchange of the organic cation was attained. For these compositions, the Na + and Dabco 1+ or H + and Dabco 2+ cations were probably homogeneously distributed in the interlamellar phase.
X-ray diffraction line broadening
Apparent particle dimensions in the c and a,b directions were calculated from measurements of the XRD line broadening of Dabco-smectites ( Table 2 ). The number of unit layers calculated from the apparent c dimensions of the particles and the apparent basal distances are also given. In calculating the width functions the composite (33,06) reflection, was used without decomposition, The complex nature of this diffraction peak makes further discussion of the apparent a,b dimensions speculative. Table 2 shows that the introduction ofDabco 1 § in Nasmectites increased the apparent particle dimensions both in the c and a,b directions. In the presence of Ca or Cu, however, a slight decrease in c dimension and larger a,b dimensions were found. Dabco e+ adsorption on the Na-MO sample seemed to affect only the c-direction. Specific surface areas Figure 3 shows typical examples of N2-and butaneadsorption isotherms obtained on Na-Dabco 1+-and NaDabco2+-clays. The experimental curves were fit to the BET I (Langmuir) and BET fI equations by taking P/P0 increments of 0.025 in the region 0.05 < P/P0 < 0.20. N2 and butane cross sections were taken as 16.2 and 44 ~, respectively. Na-Dabco 1+-and H-DabcoZ+-smectites showed a type II and Langmuir behavior, respectively, upon N2 adsorption. Additional data with Dabcol+-Ag +, -T1 +, -Ca 2+, -Cu 2+, -Co 2+, or -Zn 2+ combinations also fit the type II isotherm equation. The interlayer distance of the Dabcoe+-clays (14. I ,~) is comparable to that of tetramethylammonium Wyoming bentonite (13.8 ~) (McBride and Mortland, 1975) , and both systems consistently showed a Langmuir behavior upon N2 adsorption. The Langmuir behavior is consistent with a free space comparable to the Nz dimensions. The pore dimensions of Dabcol+-clays (14.5 ~ -9.6 ~ = 4.9 ~.) exceed the diameter of Nz (3.5 A) rendering the possibility of filling up the interlayer volume in a way different from the perfect monolayer (pseudo bilayer) and resulting in a behavior that is better described by the type II model. Butane adsorbed according to a type II pattern in both Na-Dabco 1 § and Na-Dabco'2+-clays. The underlying physical reasons are yet unclear.
The specific surface areas corresponding to the best fit curves are shown in Figure 2 as a function of the degree of Dabco ~+-or Dabco2+-exchange in Na-smecrites. In all four clay minerals studied the specific surface areas of Dabco 2+ exceeded the values for Dabco ~ § as could be predicted from the lower Dabco 2+ content.
The incorporation of organic cations, acting as pillars, into collapsed Na-clays should result in a higher available surface area which increases with decreasing charge density of the mineral or decreasing number of interlamellar props. This prediction is verified (see Ta- parts and by the increasing difference between them with decreasing charge density. Specific surface areas calculated from butane and N• adsorption isotherms varied similarly with Dabco z § content, the former always lower in magnitude (see Figure 2). The molecular dimensions (4.0 • 4.9 z 7.7 A) of butane are responsible for the less effective packing in the interlamellar space, thereby explaining the lower So value. In Table 4 specific surface areas and d(001) spacings are listed for Dabcol+-Ag, -TI, -Ca, -Cu, -Co, and -Zn systems. Equal Dabco 1+ loadings led to identical surface areas as can be observed for Ag, TI, and Na-Dabcoa+-Otay mixtures at about 0.57 mmole Dabco 1 § and Ca-, Zn-, Cu-Dabco~+-Moosburg samples containing 0.38 mmole Dabco ~+. These data indicate that the So value was essentially determined by the organic cation.
The specific surface area was closely related to the interlamellar swelling both in Na-Dabco 1 § and H-Dabco 2+ systems as shown (Figure 2) by the coincidence of the composition for which So started to increase and for which d(001) indicated the opening of the clay layers and by the fact that So increased regularly with organic cation content. For Na-Dabcol+-OT (and eventually Na-Dabco~+-MO) a slight decrease in So was observed from the Na-clay to a minimum value, which corresponded to the "threshold" Dabco 1 § contents which initiated interlamellar swelling, as seen from d(001) values (Figure 2 ). These observations can be explained by the decrease in the external part of the So due to the surface occupied by organic cations (McBride and Mortland, 1975) or cationic complexes (Knudson and McAtee, 1973) . Alternatively, the increased c-dimensions of Dabco 1+ clays may be invoked to explain the decreasing external surface area. As the charge density decreased, the So minimum disappeared or shifted to lower Dabco ~+ contents (see Figure 2) because the opening of the clay layers and the concomitant increase in internal So neutralized or exceeded the changes in the external So.
A regular increase in So with organic cation content, as long as interlayer expansion proceeds, was experimentally verified in samples; however, it was surprising to observe a smooth change of So with Dabco content in those samples (especially OT and MO) for which d(001) indicated the opening of all interlayers in a small composition range. Beyond the composition for which maximum expansion was obtained, the So should have decreased because the introduction of additional Dabco z § cations reduced the available free volume. Experimentally So values (see Figure 2) were observed which continued to increase beyond the limit where, according to d(001) data (Figure 2) , maximum swelling was reached.
DISCUSSION
The steady increase in So observed beyond the start of opening of the interlayers can be interpreted as a segregation into Na + (H+) -and Dabco 1+ (Dabco2+)-rich interlayers, the resulting So being a linear combination of the So values of the end members. XRD data, however, point to a region of interstratification which is highly dependent on charge density and which occurs only in a limited range of Dabco z+ compositions. Other factors must therefore be invoked to explain the apparent incompatibility between the XRD and the So data.
Because the number of unit layers present in the clay aggregates increased with Dabco z+ content (see Table  2 ), the data may be explained by a random interleaving of the clay plates in the crystal units that creates increasing amounts of uncovered surface or supermicropores with increasing Dabco z+ content. (In case of an orderly, vertical, and composition-independent stacking, a decrease in So with increasing Dabco z § content should take place.) Such an explanation accounts for the observations made for the alkali cation-exchanged clays in that the size of the exchangeable cation influenced the organization in the clay aggregates, i.e., So increased from Na-to Cs-exchanged clays (Stul and Van Leemput, 1982b) . For mixed inorganic-organic cationexchanged clays, the organic cation is the bulky constituent and consequently determines the aggregate structure. The results shown in Table 4 indeed suggest that the organic cation content determined the value of So whatever the nature of the inorganic cation.
More information on the behavior of fully exchanged DabcoZ+-clay minerals is gained from a simple geometrical model given in Appendix I. Experimental and calculated surface areas are compared in Table 3 . The molecular dimensions of Dabco 1+ (6.3 • 4 • 6.4 ,~) and Dabco z+ (7 • 4 • 6.4 ~) do not allow a final conclusion as to their interlamellar orientation. The corrections for the area occupied by the organic cations in Table 3 were therefore calculated using cross-sectional areas of 28 .~2 (Dabco 1+ and Dabco 2+) for the perpendicular and 40 ,~2 (Dabco ~+) or 44 ,~2 (Dabco2+) for the parallel orientation.
Clays and Clay Minerals
Except for Dabco~ § and Dabco2+-WB, good correspondence is obtained, if a perpendicular orientation of both Dabco ~+ cations is assumed. The smaller value obtained experimentally for Dabco~+-OT can be explained by the fact that the free intercation distance at this charge density is smaller than the N2 diameter (see also Figure 5 in Appendix I). Note that the calculated So values carry the burden of the incorporation of experimental S0 Na data as the total external surface, Se (Stul and Van Leemput, 1982a) . Indeed, Na-clays which themselves have a characteristic structural organization are taken as a reference. This procedure is justified because the number of clay platelets among the Na 1 § and Dabco ~+ series remains constant at 4.4 and 6.5 units per aggregate, respectively. In view of the difference in units per aggregate, the relevance of the correspondence between Sob~ and Scalc is only qualitative. Furthermore, changes in the horizontal organization of the clay platelets needs further study and should be incorporated in the model.
APPENDIX
Model for calculating the free surface area of organosmectite
Assume a homogeneous distribution of the mineral charge over the silicate surface. Consequently the exchangeable cations occupy positions at a maximum mutual distance. The area available per unit charge, Ae, is determined by the mean charge density, ~:, of the mineral and by the unit-cell parameters (a, b). Polyvalency of the exchanged cations is allowed for by introducing A~, equal to the product of Ae and the valence, Z, of the exchanged cations. The area occupied per cation, Ar is a function of its orientation between the clay layers.
Free intercation distance (~).
Both A~ and Ae are considered as hexagons with a common center. The free intercation distance, h, is obtained from twice the difference between the minimum lengths (apothema hz and h~ from the center of A~ and A~ to the respective perimeters (see Figure 4) . The calculation is as follows: In Figure 5 the free intercation distance h is related to the mean charge density, s r of the fully exchanged smectites by considering a perpendicular and parallel intercalation of Dabco ~+ and Dabco 2+ cations. ~ is inversely proportional to the charge density and may become smaller than the dimension of N2, in which case N2 penetration becomes impossible. Because real clay minerals have a "non-ideal" charge density distribution (Stul and Mortier, 1974; Lagaly and Weiss, I976) , part of the surface corresponding to that fraction having a charge density exceeding 0.34e/(Si,A1)40 x0 will be unavailable for N2 sorption with a diameter of 3.5 ~.
Free surface areas. The free surface area of organosmectites is obtained by correcting the internal component, Si, and the external component, Se, of the theoretical surface, Si = 750 m2/g, for the area covered by the organic cations. The expected area is considered as the sum of the free external area Se.f and half the free internal area S~,f, because the basal spacing of Dabco z § smectites indicate that the interlamellar coverage is restricted to a monolayer. Thus, The specific surface areas predicted for Dabco ~ § and Dabco2+-exchanged smectites are given in Table 3 . The present model is easily extended to calculate the interlamellar porosity by use of the basal distance. Also, extension to smectites which are only partially exchanged with organic cations is possible by reducing the actual charge density, s c, by a factor F, equal to the equivalent fraction of the organic cations on the clay.
